Insufficient radiation resistance of construction materials is the Achilles heel for thermonuclear energetics. In wide-gap dielectrics, Frenkel defects are created not only because of the knock-out (impact) mechanism but also because of the decay of the electronic excitations formed during the irradiation (i.e. due to nonimpact mechanisms). The processes of the defect creation at the irradiation of highly pure LiF single crystals at 6-8 K by 1-30-keV electrons, X-rays, or synchrotron radiation of 12-70 eV have been investigated. The annealing processes of these defects in a temperature range up to 200 K have been studied as well. In LiF, creation has been revealed for the following: (1) F-H pairs caused by the decay of anion excitons or by the recombination of electrons and holes, (2) F 0 -H-V K and F-I-V K defect groups at the decay of cation excitons (62 eV), or (3) 20-keV electron irradiation. The mechanism of defect creation at the recombination of hot holes and hot electrons has been discussed for a-SiO 2 crystals with an energy gap between the subbands of a valence band. One of the possible ways to suppress this mechanism (''luminescent defence'') is doping a material by luminescent impurities able to capture a part of the energy of hot carriers before their relaxation and recombination (e.g. in MgO:Cr).
Introduction
The awakened interest toward the urgent and extremely complicated problem of the increase of the radiation resistance of various construction materials (in particular, widegap dielectrics [1] ) is connected with the recent efforts put forth to the development of deuterium-tritium fusion reactors for thermonuclear energetics. Thus, the reduction of defect creation by irradiation of wide-gap crystals (WGCs) is an important technical problem. Some of the consequences of solving this problem would be improved radiation resistance of windows for short-wavelength lithography and an increased lifetime of spectral transformers for plasma display panels. Several generations of scientists have devoted their efforts to the radiation resistance of materials and any progress in this field is based on detailed investigations of the processes of defect creation in WGCs, especially in metal oxides and fluorides (Al 2 O 3 , MgO, SiO 2 , CaF 2 , LiF, etc.).
It has long been established that the radiation defects in WGCs are created because of the knock-out (impact) mechanisms, universal for solids that are connected with elastic collisions of high-energy particles with the atoms/ ions of a crystal. The impact mechanisms have been studied in detail and the threshold particle energies for the creation of Frenkel defects (FDs) have been determined for many metal oxides (see [2] and references therein). It is commonly accepted that in WGCs (besides impact mechanisms of defect creation), the nonimpact mechanisms connected with the excitation and ionization of an electronic system by particles and quanta and the subsequent decay of various electronic excitations (EEs) into FDs should be considered (see, e.g. [3] [4] [5] [6] ). The efficiency of EE decay into FDs is especially high in WGCs where the creation energy of a pair of FDs (E d ) is lower than the value of the energy gap (E d < E g ) and the residence time of this EE on a certain lattice site is longer than the period of effective lattice vibrations. In such WGCs (e.g. in the majority of alkali halides), the efficiency of defect creation by the impact mechanism is significantly lower than at the decay of excitons or at the recombination of relaxed carriers. At the same time, according to theoretical calculations [7, 8] an inequality E d > E g is valid in a number of WGCs. It was commonly supposed that the impact mechanisms of FD creation dominate in these materials, while the role of EEs in radiation damage is negligible [4] [5] [6] . This energy criterion applies to the lowest-energy EEs (usually anion excitons). However, in addition to these EEs, short-lived EEs (e.g. cation excitions [4, 9] ) are created whose energies exceed the defect creation energy E d . Thus, these EEs may create defects. Furthermore, in addition to the recombination of relaxed (cold) carriers, the recombination of hot (nonrelaxed) electrons and hot holes is possible as well (see, e.g. [10] ).
The aim of the present study is to consider new experimental data on the role of cation excitons and the recombination of hot electrons with hot holes in the defect creation in some WGCs based on metal oxides and fluorides with various values of E g , formation energies of anion and cation excitons (E ea and E ec ) and the width of a valence band (E v ).
Decay of EEs with the defect creation in LiF and NaF crystals
Let us first consider the peculiarities of the radiative and nonradiative decay of intrinsic anion and cation EEs in LiF crystals which are widely used in personal dosimetry and short-wavelength optics. Band structure calculations, which consider electron-hole (e-h) interaction, have been performed for LiF [11, 12] . The optical characteristics of LiF have been experimentally studied in spectral regions up to 40 eV [13] and 1000 eV [14] . Recently, we conducted a comparative investigation of optical characteristics in several LiF crystals that have a different purity level and are grown by various methods [15, 16] . This paper discusses the new experimental results obtained for the purest LiF samples (named as LiF-1 in our previous studies) using synchrotron radiation (SUPERLUMI and BW3 stations of HASYLAB at DESY, Hamburg and beamline BL52 at MAX-I Laboratory, Lund) and the sample irradiation by an electron beam (1-30 keV, 10-100 nA, beam spot $0.5 mm 2 ). The experimental details are described in [15, 16] . The LiF crystals were grown by the Stockbarger method after a purification cycle involving manyfold zone-melting. Fig. 1 presents the optical characteristics of LiF measured in a long-wavelength region of fundamental absorption at 9 K. The reflection maximum at 12.96 eV and a minimum at 13.83 eV correspond to the creation of transverse and longitudinal anion excitons, respectively. The energy gap E g ffi 14.2 eV [16] . The broad emission band, peaked at 3.4 eV and ascribed to the radiative decay of triplet self-trapped excitons (STEs), is excited by 13-eV photons, which directly form anion excitons, and also by 16.2-eV photons generating separated electrons and holes. In addition, the 4.7-eV impurity emission is also excited by 16.2-eV photons (see inset in Fig. 1 ). The excitation spectrum of the STE emission, normalized to equal quantum intensities of synchrotron radiation, spans the energy region of exciting photons of hm exc P 11.8 eV. However, a narrow excitation band at 12.2 eV can be also detected in the excitation spectrum for 4.2-eV emission. According to theoretical estimations, the 12.2-eV band corresponds to the absorption of surface excitons in LiF [12] . The 4.2-eV emission is not excited at hm exc < 11.5 eV and in the whole region of fundamental bulk absorption, that is not typical of impurity emissions in LiF. Fig. 2 shows the curves of thermally stimulated luminescence (TSL) measured with a constant heating rate of b = 10 K min À1 for LiF and LiF:Na (P100 ppm) crystals irradiated by an electron beam at 6 K. In a highly pure LiF crystal, the TSL curve contains an intense narrow peak at 13 K, several peaks at 20-70 K, the relative intensities of which depend on the emissions selected through a double prism monochromator (the 3.4-eV emission of STEs and 4.6-eV impurity emission) and the peaks at 120-180 K usually ascribed to a hopping diffusion of self-trapped holes, the so-called V K centers. According to Fig. 2 , the presence of Na + impurity ions significantly suppresses the 13 K TSL peak, decreases the intensity of TSL at 20-70 K by several times, and causes a sharp increase of the TSL peak at 113 K. Fig. 3 presents the pulse-annealing curve of the EPR signal of V K centers for LiF X-irradiated at 77 K [16] and the curves of integral TSL for a sample previously irradiated at 8 K by 13.8-and 62-eV photons, which selectively form anion and cation excitons, respectively. A narrow absorption band at 62 eV [14] and the approximate resonance to its X-emission [17] in the region of 1s 2 M 1s2p transitions in Li + testify to the existence of cation excitons in LiF. Selective creation of anion excitons in LiF causes the appearance of the 132 K TSL peak connected with a hopping diffusion of V K centers as well as the peak at 113 K whose intensity sharply increases in LiF that contain impurity sodium ions. H A (Na + ) centers (an H center localized near a Na + impurity ion) with the orientation along h1 1 0i and the annealing at 110-120 K have been detected in X-irradiated LiF:Na by means of ENDOR method [18] . At the same time, intrinsic H centers (anion interstitial atoms) oriented along h1 1 1i in a regular lattice region and stable up to 60 K have been also detected in LiF using the EPR method [19] . The TSL peak at $65 K corresponding to the annealing of H centers arises in a LiF sample previously irradiated by 62-eV photons (see Fig. 3 ). According to [16] , the thermal ionization and the annealing of F 0 centers (two electrons in a field of an anion vacancy) take place at 150-170 K. Thus, the efficient creation of F 0 centers occurs in a 62-eV photon irradiated LiF due to the decay of cation excitons (see the corresponding TSL peak in Fig. 3 ).
Of particular interest is the creation mechanism of TSL at 10-15 K. This TSL peak can be easily detected for 2.9-, 3.4-and 5.7-eV emissions in relatively pure LiF samples preliminarily irradiated by 1.5-30 keV electrons or X-rays (20-50 keV) at 4-9 K. However, the lowest-temperature TSL peak has not been detected after LiF irradiation, selectively forming at 8 K anion excitons (12.5-or 13.8-eV photons) or separated electrons and holes (photons of 15 and 17 eV). It was proposed that the 13 K TSL peak arises only under the conditions of a high local density of the EEs formed at the irradiation [16] . Such irradiation conditions are realized at the multiplication of EEs (the photons of hm exc = 28-32 eV are needed for this process [16] ) or at the decay of cation excitons (hm exc = 62 eV). According to our latest data, the irradiation of LiF by 62 eV photons causes the appearance of the TSL at 50-180 K (see Fig. 3 ) and the peak in the region of 10-15 K whose intensity is about three times as high as that for the 60 K peak.
The decay of a cation exciton, formed by a 33-34-eV photon in a NaCl crystal, into an anion exciton and two electron-hole (e-h) pairs has been earlier revealed using highly sensitive luminescent methods [9, 20] . Agranovich and Ginzburg [21] theoretically considered a short-wavelength analogue of the Raman effect, when excitons act as phonons at the scattering of X-rays. We used this idea as a starting point for the hypothesis for the decay of a cation exciton with the creation of an anion exciton. In LiF, a photon of hm exc = E ec = 62 eV can be transformed into an anion exciton (E ea % 13 eV), while the rest of the energy (% 49 eV), after intermediate processes, is expended by creating up to three e-h pairs. As this takes place, an anion exciton and at least one of the holes undergo rapid selftrapping spatially close to each other. Thereafter, similar to other alkali halides [3] [4] [5] [6] , an anion STE decays into an F-H pair of FDs. As a result, a triplet of F-H-V K defects is formed. One of the conduction electrons participates in a subsequent recharging of F into F 0 or H into an I center (an interstitial anion) forming F 0 -H-V K or F-I-V K groups of spatially correlated defects.
The tunnelling of either of the two electrons from an F 0 center to a V K center in an F 0 -H-V K triplet in LiF causes both (i) a direct radiative transition into a ground state of a V K center ($5.7 eV emission) or (ii) the creation of an STE with the subsequent emission of a 3.4-eV photon. Within F-I-V K triplets in LiF, one would expect the appearance of the 3.4-eV emission at the tunnel recharging of F-V K into an STE and an anion vacancy. Previously we have detected the creation of such defect groups at the irradiation of a KBr crystal by 16-eV photons at 8 K [22] , i.e. under the conditions of multiplication of EEs, when a hot primary conduction electron is able to form a secondary anion exciton [23] , or at X-irradiation of KCl at 4 K [24] . It is significant that under the conditions of a high local density of EEs, triplets of both types stable at 6-8 K can be formed not only from long-lived F-H pairs with interdefect separation in the pairs r FH = 4-5 interanion distances, but also from short-lived (10 À3 -10 2 s) close F-H pairs. This circumstance explains highly efficient creation of the 13 K TSL peak in a LiF crystal, where the crowdion motion of H interstitials along h1 1 0i anion rows is impeded and the values of r FH are low. Fig. 4 shows the TSL curves measured for 5.4-and 3.4-eV emissions at 7-16 K for an electron-irradiated LiF crystal at 6 K. The curves have been quantitatively analysed by decomposing into the components described by first-order kinetics. The TSL of 5.4 eV (tunnel transitions in F 0 -V K ) consists of a single peak with the maximum at 12.7 K with the activation energy of e = 9.5 meV and the frequency factor of p = 5.8 · 10 2 s À1 (see Fig. 4(a) ) (Fig. 4(b) ). Both TSL components can be sharply depressed by the additional illumination of the irradiated sample at 6 K by 2.4-2.8-eV photons from the region of F 0 -absorption band. Such photostimulation also causes the appearance of the 3.4-eV optical flash. It should be mentioned that the values of e for both TSL components correspond to the energy region of acoustic lattice vibrations of LiF [16] .
We made an attempt to investigate the peculiarities of high-temperature TSL in an NaF crystal irradiated by synchrotron radiation of 18 or 33 eV at room temperature. The integral TSL was measured when the irradiated sample was heated with a constant rate of b = 2.86 K s À1 in an atmosphere of flowing nitrogen (System 310 TLD Reader). Fig. 5 demonstrates the TSL curves measured after equal quantum dose irradiation of NaF by 18 eV photons, each creating a single e-h pair, or by 33 eV photons selectively forming cation excitons, which decay with the formation of an anion exciton (E ea = 10.8 eV at 7 K) and one e-h pair (E g = 12.3 eV) [25] . It is important to remember that the absorption and the reflection constants for 18 and 33 eV photons have approximately the same values [13] . Nevertheless, the total light sum of TSL induced by a 33-eV photon irradiation is more than three times as high as that after an 18-eV photon irradiation. These results show that especially favorable conditions for the stabilization of radiation defects at 295 K in fluorides occur at a high local density of the EEs formed at the decay of cation excitations. We observed a similar effect earlier at the irradiation of a KBr crystal at 295 K by 16-eV photons, the energy of which is sufficient for the creation of an e-h pair and a secondary anion exciton [26] .
Hot e-h recombination and defect creation in oxides
Now we will look more closely at the role of hot electrons, hot holes, and their recombination in the creation of lattice defects. In our opinion, this problem is especially important for wide-gap metal oxides with wide and structured valence bands (v-bands). The radiation effects caused by recombination of hot carriers can be more easily separated in metal oxides where E d > E g . According to the investigations of fast relaxation processes of conduction electrons in WGCs (see, e.g. [27] [28] [29] and references therein), the efficient creation of a secondary e-h pair by a hot electron of a sufficient energy takes place in a subpicosecond timescale. However, if the energy of a hot electron is insufficient for the formation of a secondary intrinsic EE, the speed of its relaxation in regular lattice sites significantly slows down. In alkali halides with the content of impurity ions about 10 3 ppm, such hot electrons can transfer their excess energy to luminescent impurity ions before their total energy relaxation [30] .
The relaxation processes of hot holes in WGCs are poorly understood. Considering the width of valence bands and their complex structure, we can assume that the relaxation of hot holes with the formation of phonons takes place with time delays, thus, increasing the probability of the recombination of conduction electrons with hot holes. The presence of the energy gaps between the subbands of a split v-band can drastically increase the probability of hot recombination between carriers in WGCs. Fig. 6 presents a simplified energy band diagram of a WGC with two valence subbands (width of E v1 and E v2 , respectively) separated by the energy gap E vg . In a crystal with a high energy of FD creation, E d > E g , the case (a) demonstrates fast relaxation of the hot electrons and hot holes, formed by the absorption of an exciting photon, to the bottom of the conduction band (c-band) and the top of the v-band, respectively. The energy released at the recombination of such totally relaxed carriers is insufficient for the creation of a pair of FDs. On the other hand, if the relaxation of hot holes occurs only up to the top of the lower subband of the v-band (case (b)), the energy released at a subsequent recombination equals E = E g + E v1 + E vg and is sufficient for the defect creation (E > E d ). The case (c) is realized under the conditions of high-density excitation and the released energy can even reach the value of 2E g . If hm exc > 2E g , the process of the multiplication of EEs, i.e. the creation of secondary cold e-h pairs, starts and the relaxation time of hot carriers sharply decreases. In some WGCs, the theoretically estimated value of E d only slightly exceeds E g . Thus, in our opinion, hot recombination of carriers in such materials (especially with a wide and split v-band) can lead to the creation of FDs.
A weak fast intraband luminescence (IBL) connected with the radiative transitions of hot electrons between the levels of the c-band (the so-called e-IBL) was discovered in alkali halides [31, 32] . In wide-gap metal oxides, the more intense h-IBL due to the transitions of hot holes between the levels of the v-band has also been revealed [33] . A short-wavelength edge of the h-IBL allows an estimate of the total width of the band, E v [33] [34] [35] . The value of E v equals 8.7, 6.6 and 6.9 eV in BeO, MgO and BaMgAl 10 O 17 , respectively. Fig. 7 shows new data on the h-IBL obtained at the irradiation of LiF and MgO by single electron pulses from the Koval'chuk-Mesyats type generator (3 ns, 80 A cm À2 , 300 keV). In highly pure LiF, there are no fast (s < 2 ns) impurity emissions in a spectral region of up to 12 eV even at 80 or 295 K. However, a structureless emission at 1.6-4.3 eV that results from the h-IBL can easily be detected in fresh LiF crystals or preliminarily X-irradiated samples. The intensity of the e-IBL in LiF is low because of fast relaxation of the electrons inside a wide c-band and therefore can be detected only at hm > 4.4 eV. Fig. 7 also presents the spectrum of the h-IBL (s < 2 ns) in an extremely pure MgO single crystal. A short-wavelength edge of the spectrum is located at 6.6 eV. At 80 or 295 K, the IBL spectrum at 1.6-5.8 eV is complicated because of the overlapping of several near-impurity emissions, the contribution of which can be practically eliminated by the sample heating to 730 K. The general shape of the IBL spectrum agrees with the density of states and the width of the v-band in MgO calculated in several reports (see, e.g. [36] ). Contrary to the case of MgO, the energy gap between the valence subbands has been theoretically predicted [37] and experimentally detected by measuring the spectra of the hole IBL in some sulphates (e.g. in K 2 SO 4 ) [34] . The first band structure calculation did not predict the energy gap between the valence subbands of a-quartz [38] . However, the value of E vg % 1.5 eV was obtained in more advanced calculations (see, e.g. [39, 40] ).
Of particular interest is the role of hot recombination in defect creation in highly pure a-SiO 2 crystals (a-quartz). Efficient defect creation by irradiation of a-quartz by 6-keV electrons at 9 K has been detected by measuring the rise of the 5-eV emission intensity (this emission is connected with radiation defects) during 3 h irradiation [41] . It was shown [42] that the same defects (absorption band at 7.6 eV) are formed under c-irradiation with the density of excitation lower than that under the electron irradiation. A relatively high radiation resistance of pure a-SiO 2 was earlier explained by the fact that the inequality E d > E g = 8.9 eV is valid in crystalline a-quartz in contrast with amorphous silica. Therefore, it was difficult to expect the creation of FDs in a perfect lattice due to the recombination of relaxed (cold) electrons and holes. A new hypothesis has recently been proposed about a possible FD creation in a-SiO 2 at hot recombination of carriers, when the released energy can significantly exceed the value of E g [10] . Also emphasized was the role of the enhanced excitation density in the creation of defects at the irradiation of a-quartz by an electron beam at 9 K [41] .
In a-Al 2 O 3 and aluminosilicate ceramics, the photoionization of the 2s 2 shell of oxygen ions causes the formation of secondary e-h pairs due to an Auger process with the participation of 2s and 2p oxygen shells [43, 44] . As a result, e-h-h groups of EEs are formed, thus providing especially favorable conditions for the creation of temperature-stable F centers in Na 6 Al 6 Si 6 O 24 (NaBr) 1.9 optical ceramics [44] . It is not inconceivable that a similar process can increase the efficiency of low-temperature defect creation in a-SiO 2 , where 2s
2 O shell ionisation is theoretically predicted at hm exc = 27-29 eV [40] .
Possibilities of the suppression of hot e-h recombination in dielectrics
There are at least two possibilities to suppress the recombination of the hot electrons and hot holes in dielectrics with E d > E g . The energy gap between two valence subbands of a-quartz can be eliminated by preliminary processing of the material (e.g. by fluorination or deformation of SiO 2 ). The elimination of E vg causes fast relaxation of the holes inside the v-band, thus decreasing the efficiency of hot e-h recombination.
On the other hand, according to band-gap calculations, there is no energy gap inside a v-band of MgO and Al 2 O 3 . The doping of such crystals with certain luminescent impurities can reduce the efficiency of the recombination of hot carries. When the energy of hot conduction electrons, with respect to the bottom of the c-band, decreases approximately to (slightly below) E g , the recombination velocity of these electrons slows down because they are no longer able to create secondary e-h pairs (or secondary excitons). However, hot electrons efficiently interact with impurities and expend their excess energy for the excitation of luminescent impurity centers. As a result, the recombination of these electrons with holes does not lead to the creation of FDs (E d > E g ).
In alkali halide crystals doped with Tl + or Ag + impurity ions (up to 100-300 ppm), the energy of hot conduction electrons or hot holes is expended by the efficient excitation of impurity centers or halogen ions adjacent to impurity ions even at 8 K [30, 45] and F À single crystals of MgO using synchrotron radiation of 5-35 eV [46] . We have continued these investigations. Fig. 8 presents the reflection spectrum measured at 8 K for the (1 0 0) plane of MgO after a crystal cleavage in situ under ultrahigh-vacuum conditions at 295 K. A distinct structure at 7.68-7.75 eV was interpreted as the formation of large-radius Wannier excitons. A broadband emission at 5.4 eV in MgO:Al corresponds to the recombination of electrons with the holes localized at the oxygen near the associations of cation vacancies with Al 3+ impurity ions. The threshold energy of the excitation of this emission is close to the value of E g = 7.8 eV. A sharp rise of the 5.4-eV emission efficiency occurs at 22 eV, i.e. at hm exc > 2E g + E v and continues up to 31 eV due to the creation of secondary e-h pairs by hot photoelectrons.
The excitation spectrum for the R-line (1.7 eV) of single cubic Cr 3+ centers in MgO:Cr 3+ (60 ppm) differs essentially from that for the 5.4-eV emission (see Fig. 8 ). The efficiency of R-emission is high at 6.0-7.3 eV in the region of the absorption of the oxygen ions located near Cr 3+ . The luminescence of single cubic Cr 3+ centers contains also an inertial component caused by the recombination of holes with the Cr 2+ centers formed at the electron trapping by Cr 3+ . This recombination emission is excited by the photons in the whole region of the fundamental absorption of MgO. The excitation spectra of the 5.4 eV emission and the R-emission of Cr 3+ are essentially different at hm exc = 25-32 eV. According to the data of photoelectron spectroscopy, the excitation photons at these energies form hot conduction electrons able to create secondary e-h pairs. Because of high values of E v and E g in MgO, there is a wide spectral region in the excitation spectra where the energy of hot carriers is insufficient for the creation of secondary e-h pairs, whereas hot carriers with the energy excess of 4-6 eV are able to participate efficiently at the direct excitation of Cr 3+ centers. It should be stressed that even hot valence holes can excite the R-emission of Cr 3+ centers in MgO. The efficient excitation of Cr 3+ centers by hot centers is distinctive even in the crystals with relatively low concentration of impurities (60 ppm).
Conclusion
In conclusion, direct energy transfer by hot electrons or hot holes to luminescent impurity centers in WGCs [10, 30, 35, 45, 46] can drastically decrease the efficiency of hot recombination of electrons with holes, thus serving as ''luminescent defence'' against the nonimpact mechanisms of radiation defect creation in the crystals with E d > E g . A further experimental and theoretical study of these processes lies ahead.
